This study investigates the acoustical and nonacoustical properties of composites using corn husk fiber (CHF) and unsaturated polyester as the sound-absorbing materials. The influence of the volume fraction of CHF on acoustic performance was experimentally investigated. In addition, the nonacoustical properties, such as air-flow resistivity, porosity, and mechanical properties of composites have been analyzed. The results show that the sound absorptions at low frequencies are determined by the number of lumens in fiber, particularly the absorption coefficient, which increases the amount of fiber. For high-frequency sound, the absorption coefficient is determined by the arrangement of fibers in the composite. An absorption coefficient is close to zero when the fibers are arranged in a conventional pattern; however, when they are arranged in a random pattern, a high absorption coefficient can be obtained. The bond interface between the fiber and resin enhances its mechanical properties, which increases the longevity of the composite panel.
Introduction
Noise pollution and waste management are two problems that need to be solved in modern societies. The use of newly developed alternative materials to absorb the noise considerably minimizes these problems. Hence, the inexpensive, easily created, thin, and lightweight composite materials that can absorb sound waves in broader frequency fields are highly desirable.
The fibrous sound-absorbing materials have been extensively investigated [1] [2] [3] [4] [5] . Biot studies [1, 2] provide an approach for the propagation of elastic waves in the fluid medium-saturated porous material at high and low frequencies, where factors such as pore geometry, fluid, and medium having comparable densities are required to be considered. Delany and Bazley [3] developed a simple model for estimating the sound of absorption coefficients and characteristics of impedance of different types of fibrous absorbent materials. Lee and Chen [4] developed Acoustic Transmission Analysis (ATA) model to estimate the acoustic absorption of a multilayer absorbers. Attenborough [5] developed a model for estimating the acoustical characteristics of fibrous absorbents soils and sands using flow resistivity formulae.
The polymer has been widely utilized as a matrix in fiber composites because it is easily formed from a material that has physical and acoustical properties [6] [7] [8] [9] [10] [11] [12] [13] . Veerakumar and Selvakumar [6] studied acoustic properties for composite made from kapok fiber with polypropylene fiber, which were found to demonstrate good sound absorption behavior in the frequency range 250-2000 Hz. Jailani et al. [7] studied on panels made from coconut coir fibers which have been conducted to analyze compression effect of the panel on the acoustic performance. The coir fiber panel is a good sound absorber at 1.5-5 kHz. Zulkifli et al. [8] investigated the effect of the porous layer backing and a perforated panel on the sound absorption coefficient of coconut coir fiber. They indicated that increasing the thickness material of the panel will improve the sound absorption ability, especially in the low-frequency range at 600-2400 Hz. Chen et al. [9] studied the sound-absorbing properties of ramie fiber-reinforced polylactic acid materials. Putra et al. [10] studied the potential of waste fibers from paddy mixed with polyurethane as 2 Advances in Acoustics and Vibration acoustic material and found that the absorption coefficient is greater than 0.5 from 1 kHz and can reach the average value of 0.8 above 2.5 kHz. Bastos et al. [11] developed vegetable fibers: coconut, palm, sisal, and acaı as soundabsorbing panels. Measurement scale reverberation chamber exposed promising results from acoustic performance for all panels. Flammability, odor, fungal growth, and aging tests have been performed on samples to identify their practical ability. Koizumi et al. [12] developed bamboo fiber as sound-absorbing material. They reported that the bamboo fiber material has equivalent acoustics properties with glass wool. Jayamani and Hamdan [13] studied sound absorption coefficient of urea-formaldehyde and polypropylene mixed with kenaf fiber. They reported that the kenaf fiber reinforced with polypropylene demonstrates higher sound absorption coefficients than kenaf fiber reinforced with ureaformaldehyde. These previous studies represented that a better understanding of the microstructure and physical parameters of a material could help in developing highperformance acoustic materials.
This study primarily investigates the effect of adding corn husk fibers (CHFs) on acoustical and nonacoustics properties of polyester composites. In addition, the effects of fiber content on the tensile properties and microstructures via SEM have been analyzed. The results of this study could contribute to engineering applications, especially as sound absorbers.
Materials and Methods

Materials and Sample Preparation.
CHF is the main raw material used in this study. The fiber contains 46.15% cellulose, 33.79% hemicellulose, and 3.92% lignin. It has been treated with 5% sodium hydroxide (NaOH) for 2 h. The scheme of reaction is given as follows:
Chemical reactions have been removing impurities on the fiber surface. The CHF was rinsed five times with mineral water in other to remove NaOH sticking from the fiber surfaces. They were dried in natural sunlight to remove any residual moisture and were then preserved in a dry box with a humidity of 40%. Table 1 . The mixtures were hot pressed at 100 ∘ C and 0.3 MPa for 4 min into a round mold with a diameter of 32 mm, followed by cooling to room temperature at 5 MPa to obtain a round shape to fit in the impedance tube during the sound absorption test. All the absorber materials were obtained with a diameter of 29 mm and thickness of 20 mm. Six different samples were used for acoustical and porosity tests.
Porosity.
The connected porosity of composite sample was nonacoustically measured using the method of water saturation used by Vašina et al. [14] . All the samples were dried at 105 ∘ C for 24 h. Subsequently, they were weighed before being left in a vacuum vessel to saturate under water; the density of water is = 1000 Kg⋅m −3 . After 24 h, they were carefully removed and weighed again. The porosity was computed using = / , where is the volume of the composite occupied by the water and is the total volume of the composite. The volume of water can be computed using = ( 2 − 1 )/ , where 2 and 1 are the wet and the dry masses of the composite (Kg), respectively.
Air-Flow
Resistivity. There are several empirical and semiempirical equations in the literature that can be used to estimate the flow resistivity of absorber materials based upon fiber radius and material porosity or the bulk density of the materials [14] [15] [16] . The air-flow resistivity of the samples used in this study is expressed in [16] = 6.8 (1 − )
where is the viscosity of air (1.84 × 10 −5 Pa⋅s), is the porosity, and is the radius of the fiber.
Tortuosity.
The following empirical formula was used to calculate tortuosity ( ) in terms of porosity. The tortuosity is expressed in [5] 
2.5. Sound Absorption Measurement. The acoustic properties of the composite sample were measured using a twomicrophone transfer-function method, according to ASTM E-1050-98/ISO 10534-2 standards. The testing apparatus was part of complete acoustic material testing system Brüel & Kjaer (type 4206, Brüel & Kjaer), as it is seen in Figure 1 . A small tube setup was employed to measure different acoustical parameters in the frequency range of 100 Hz-6.4 kHz. At one end of the tube, a loudspeaker was situated to act as a sound source and the test material was placed at the other end to measure sound absorption properties. Two acoustic microphones (type 4187, Brüel & Kjaer) were located in front of the sample to record the incident sound from the loudspeaker and the reflected sound from the material. The recorded signals in the analyzer in terms of the transfer function between the microphones were processed using Brüel & Kjaer material testing software to obtain the absorption coefficient of the sample under test. Each set of the experiment was repeated three times in order to have average measurements.
Mechanical Properties.
The tensile and Young's modulus were determined using a Tensilon RTG-1310 universal testing machine with a load cell of 10 kN. All the samples of composites were tested after conditioning for 24 h in a standard testing atmosphere of 70% relative humidity and 28 ∘ C. According to the ASTMD 3039 standard, a gauge length of 150 mm and a crosshead speed of 5 mm/min were used for tensile testing. The sample size was 250 mm × 25.4 mm × 6 mm. In total 21 samples were tested for each sample condition and the average and standard deviation values were reported.
Scanning Electron Microscope.
The surface morphologies of composites were observed using an Inspect-S50 scanning electron microscope with field emission gun. An accelerating voltage of 10 kV was used to collect SEM images on the surface of the sample. The morphologies of the composites were observed and analyzed via SEM at room temperature. Before testing, the samples were sliced and mounted onto SEM stubs using double-sided adhesive tape. They were gold sputtered for 5 min to a thickness of approximately 10 nm under pressure of 0.1 torr and 18 mA current to make the sample conductive. SEM micrographs were recorded at different magnifications to ensure clear images.
Results and Discussion
Nonacoustic Composites
Properties. Large differences were observed in nonacoustical properties of the composite samples, because of their different microstructures as a result of the addition of the CHF in the polyester. This diversity is very interesting because it provides different porous microstructures and consequently different acoustic properties. Porosity, tortuosity, and flow resistivity values are listed in Table 2 .
Increasing the amount of fiber volume fraction in the polyester resin increases the porosity and decreases both tortuosity and air-flow resistivity in the absorbent material (seen Table 2 ). The porosity value of the sample PF-M was 0.8267, which was higher than those of the other samples used in this study. The presence of lumen in the fiber indicates that the porosity of the sample increases when the number of fibers increases (Figure 2) . In other words, the lower value of porosity and higher value of the flow resistivity of the sample can be attributed to the higher volume fraction of polyester resin.
All the composite samples demonstrate an open pore structure wherein the pores are interconnected. This is one of the most important factors for noise absorption because such a structure decreases air-flow resistivity and thus the dissipation of the wave energy in the pores. In these samples, the multiscale fiber structure with the lumen inside fiber bundle has a pore shape, and the pore size can differ by several orders of magnitude (Figures 2(a) and 2(b) ). 
Acoustical Properties.
The normal sound absorption properties for all samples of CHF-polyester composites are graphically illustrated in Figure 3 . The zero value in theaxis indicates perfect sound reflection, and the value of one implies complete sound absorption. These results show that all composite samples demonstrated an increase in sound absorption coefficient in the range of 1 kHz-2.5 kHz. This is because lumen inside the fiber bundle increases the amount of fiber, which results in high absorption coefficient. The additional thermal energy is dissipated more rapidly due to the increased frictional surface area. The sound absorption coefficient of the PF-M sample is therefore correspondingly higher than those of the other samples. The sound waves propagate vibration energy through the air spaces in the individual lumina inside the fiber. A part of this sound energy is converted into heat in the lumina, which is then absorbed by the surrounding walls. The larger the air cavities and lumina inside the fiber, the longer the wavelength of the sound that is absorbed, so more dominant at low frequencies. SEM micrograph analysis (Figures 6(a), 6 (c), 6(e), 6(g), 6(i), and 6(k)) illustrates that there are many lumens inside the fiber and continuous channels in the porous structure of polyester composites.
At frequencies above 2 kHz, the sound absorption capability of PF-E, PF-G, PF-I, and PF-K samples decreases. The decrease caused by the interface of the fiber/resin and orderly fiber arrangement that cause the higher value of the flow resistivity of the sample makes movements of the sound difficult to pass through the samples. An absorption coefficient is close to zero when the fibers are arranged in a conventional pattern. SEM micrographs (Figure 6 ) illustrate that there is a distinct interface between fibers and resin in all samples. Interface surfaces between fibers and resin of PF-E, PF-G, PF-I, and PF-K samples (Figures 6(b), 6(d), 6(h and 6(j), resp.) are quite dense and contain orderly fiber bundles arrangement. Interface strength not only influences composite mechanical property but also influences sound absorption quality. When sufficient amount of resin is used, the interface area between the fibers and the resin is smooth and strong (Figures 6(a) and 6(b) ). When the incident sound waves are continuously transmitted onto a composite interface, the sound waves will be reflected and refracted and the acoustic damping phenomena will consume a small amount of energy, reducing heat losses and thus obtaining a lower absorption coefficient at high frequencies. This would also explain why the sound absorption of PF-E is lower than those of sample patterns of composites which are similar.
Sample pure polyester resin (PE) had the absorption coefficient under 0.2. Although polyester may be a valuable option in noise absorption applications, these results discourage its use as a sound-absorbing material. Figure 3 also shows that the PF-H and PF-M samples demonstrated the ability to absorb sound at high frequencies above 4 kHz. This is due to the random distribution of the fiber. The random distribution of the fibers in the fibrous absorbent materials allows the sound waves to hit the lumen of the fiber bundle and strengthen the sound absorption effect; a high absorption coefficient can be obtained. SEM micrographs (Figures 6(e), 6 (f), 6(k), and 6(l)) illustrate the random distribution of the fibers in PF-H and PF-M samples.
Figures 4 and 5 show that the real part is the resistance associated with energy losses and the imaginary part is the reactance associated with phase changes, respectively. In this case, we can observe a better performance of PF-H and PF-M samples than other materials studied. Increasing the amount of fiber reduces the number of impedance values and material stiffness. The reduced impedance values increase the fraction of wave energy that can be transmitted through the sample.
Furthermore, sound absorption at lower frequencies (over 1.0-2 kHz) is desirable for automotive applications because of this frequency range according to noise from the wind, engine running, tires, road, and conversation, thereby making CHF-polyester composites a promising candidate for automotive interior sound absorption. 
Mechanical
Properties. Theoretically, there should be an interaction between hydrophobic polyester and hydrophilic cellulose. The disappearance of the noncellulose material on the surface of the fiber enables surface interaction with the polyester matrix. The void fraction is mainly formed because the composites have not been consolidated (not sufficiently pressed to form a contiguous solid structure) in order to manufacture composites. Figures 7 and 8 show that the increase in the fiber volume fraction leads to increase in the tensile strength value and Young's modulus of the composite from 18.81 ± 8.5 to 25.73 ± 3.19 MPa. The increase in mechanical strength can be attributed to the bond interface between the fibers and resin. The mechanical properties of the PF-M sample (or composite sample with 20% resin and 80% CHF) are therefore correspondingly higher than those of the other samples.
For PF-H sample, there was a 12.53% decrease in the tensile strength values, with a strength value of 20.40 ± 1.1 MPa. The probability of the overlapping of multiple CHF in composite samples thereby causes the weaker transference of load between fiber and matrix occurring due to the poor interfacial adhesion causing lowering in the mechanical properties. However, the value of the modulus of elasticity of the sample PF-H is higher than that of the material used in this study, contributing to the sound absorption of the sample.
The tensile strength value of the PF-E sample is the lower compared to other samples. This is due to the fiber volume fraction less than the other samples. The tensile strength of the fiber of 237.43 MPa is higher than the tensile strength of the resin.
Conclusions
In this study, a CHF-polyester sound absorber was proposed and the sound absorption capability of the material was significantly enhanced through the simple method. The presence of a number of lumen structures in the fiber bundle facilitates sound absorption at low frequencies in the range of 1 kHz-2 kHz. The interface between the surface of the fiber/resin and orderly arrangement of fibers within the resin of PF-E, PF-G, PF-I, and PF-K samples caused a decrease in the sound absorption properties at frequencies above 2 kHz. High frequencies above 4 kHz (PF-H and P F-M samples) are obtained due to the random distribution of the fiber. Increased resin lowers friction between the fibers, reducing heat losses and subsequently its sound absorption coefficient.
All samples used in this study have the potential to be used as sound-absorbing materials. These results indicate that alternative high-performance sound-absorbing materials could be obtained using CHF, which can solve environmental problems and reduce noise pollution.
